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First-principles molecular dynamics simulations have been employed to analyze the proton diffu-
sion in cubic BaZrO3 perovskite at 1300K, and a non-linear effect of an applied isometric strain of 2%
on the lattice parameter has been observed. The structural and electronic properties of BaZrO3 are
analyzed, based on Density Functional Theory calculations, and after an analysis of the electronic
structure, we provide a possible explanation for an enhanced ionic conductivity, that can be caused
by the formation of a preferential path for proton diffusion under compressive strain conditions.
I. INTRODUCTION
The development of highly ionic conductive materi-
als is particularly important for the fabrication of high-
performance solid oxide fuel cells (SOFCs) operating
at intermediate/low temperatures (550-900 K). State-
of-the-art SOFC technology requires the cell to oper-
ate at temperatures between 1000 and 1300 K, which
makes both fabrication and operation costly because ex-
pensive materials need to be used for sealing and for
inter-connectors.1,2 Therefore, to encourage widespread
adoption of SOFCs, the development of highly conduc-
tive materials that can operate at intermediate/low tem-
peratures is imperative.
BaZrO3, similar to several other compounds that crys-
tallize in a perovskite structure, has been known to show
high proton conductivity and is therefore a good candi-
date for an electrolyte material capable of operation at
the desired operating temperature.3 Ideally, in a perfect
perovskite structure, a proton forms an O-H bond with
one of the four equivalent oxygen atoms, where the O-
H group is characterized by vibrational and rotational
movement. The proton conduction mechanism has been
explained in terms of proton jumps from one oxygen site
to another by H transfer and O-H reorientation.4,5 Be-
cause of the lattice geometry, the possible jumps are clas-
sified as intra-octahedral or infra-octahedral. At its sta-
ble site, the hydrogen atom strongly interacts with the
surrounding atoms; this interaction deforms the lattice
by shortening the distance between the proton and the
neighboring oxygen. Conduction occurs through a series
of transitions between sites coordinated to different oxy-
gens and sites coordinated to the same oxygen (schemat-
ically illustrated in Fig. 1).6,7 It is also well known that
the ionic conductivity is typically enhanced by replacing
one or more element of the crystal lattice with a lower-
valence element.2 The charge redistribution that occurs
in order to balance the difference in oxidation state be-
tween the doping atom and the substituted atom pro-
duces oxygen vacancies. Furthermore, an additional and
non-negligible effect of doping is a local distortion and
the breaking of the lattice symmetry. This occurs be-
cause the doping atom contributes to the creation of new
oxygen transport pathways; the local distortion stretches
the bond, affecting the activation barriers and the diffu-
sivity of the species. First-principles molecular dynamics
simulations have been widely used to calculate and pre-
dict the ion conduction properties of several bulk crystal
structures, confirmed the migration mechanism described
above.8–10
In addition to describing a new class of compounds, the
latest studies highlight a great increase in conductivity,
that can be achieved by coupling metal-oxide materials
having different lattice parameters. This would crate a
so-called semi-coherent interface at which the two com-
pounds are subject to strain.11,12 A semi-coherent inter-
face preserves the crystal structure of the original com-
pound while creating a deformation of the cell, which,
however, preserves its original volume. In the cubic per-
ovskite structure, the deformation would result in an in-
terface strain (epitaxial strain), that would produce a
tetragonal structure with the same volume as the original
cubic one. Within this framework, it is essential to study
the effect of strain on ion diffusion in order to develop a
new class of electrolyte materials with good chemical sta-
bility and high ion conductivity in the intermediate/low
temperature range.
In this work, we analyzed the effect of an external
strain on proton diffusion in the cubic Pm-3m perovskite
crystal structure of BaZrO3, in order to estimate the
conditions under which proton conduction might be en-
hanced. Here, we considered only isotropic strains in
order to avoid the existence of a preferential diffusion
direction. We use a first-principles molecular dynamics
approach within the Car-Parrinello approximation, with
a temperature condition of 1300 K (fuel cell working con-
2FIG. 1: (Color online) Schematic representation of proton
diffusion. The H atom bonded to the O atom migrates to the
next oxygen atom, breaking a O-H bond and forming a new
one. The picture shows the octahedron polyhedrons formed
by oxygen atoms, and a possible path for proton diffusion
through intra and infra-octahedral jumps.
ditions). The choice of the temperature has been made
to facilitate the diffusion process if compared to the in-
termediate/low temperature. However, since no physical
properties of the lattice would change, the physics be-
hind the results would not change for a choice of tem-
perature between 550 K and 1300 K. Also, we are aware
that in practical applications, barium zirconate is used
in its doped form to facilitate the formation of the oxy-
gen vacancies necessary for proton adsorption and diffu-
sion; however, in this work we analyzed only the pure
BaZrO3 crystal because we focused on analyzing the ef-
fect of strain on proton diffusion through oxygen atoms.
II. CALCULATION METHODS
A. conditions for electronic states calculations
We used plane-wave basis density functional theory
(DFT) as implemented in the Car-Parrinello code of the
Quantum-ESPRESSO distribution.13 We used a Perdew-
Burke-Ernzerhof functional for the exchange-correlation
term.14 Ultrasoft pseudo-potentials were used to simulate
the effect of the core electrons. Twelve valence electrons
in the 6s25p65s2 and 5s24d24p64s2 configurations were
considered for barium and zirconium atoms, respectively,
and four electrons in 2p42s2 were considered for oxygen
atoms. The cut-off energies for the wave function and
charge density were 27.0 Ry and 240 Ry, respectively.
B. Conditions for dynamics calculations
We performed Car-Parrinello molecular dynamics sim-
ulations using a fictitious mass corresponding to a 150
a.u. wave function. The simulations were performed in a
supercell of 40 atoms (symmetry group Pm-3m) and in
the canonical ensemble. To reproduce the working con-
ditions of a fuel cell, the temperature of the simulations
was maintained at 1300 K by a Nose´-Hoover thermostat.
The runs, each lasting for more than 40 ps, were per-
formed using a fictitious electron mass m =150 a.u. and
a time step dt = 3.87 fs. These choices allow for ex-
cellent conservation of the constant of motion (Fig. 2a
shows negligible dissipation during a 46 ps simulation)
and negligible drift in the fictitious kinetic energy of the
electrons for simulations of that duration. In addition,
the ratio between the kinetic energies of ions and elec-
trons was R < 1/20 for the entire simulation time, as
shown in Fig. 2b. The separation between the ionic
and wave-function kinetic energies in Fig. 2b indicates a
good approximation of the fictitious electron mass. We
discarded from each trajectory the initial 4 ps, during
which the ions reached their target kinetic energy.
C. Hydrogen charge treatment
Bjo¨rketun et al. studied the charge state of the hydro-
gen atom.? Using DFT calculations, they estimated the
interstitial hydrogen atom formation energy as a func-
tion of the Fermi energy. Their results showed that the
hydrogen atom is stable in the charge state +1 (the pro-
ton) for every value of the Fermi energy within the band
gap range.? Therefore, in this work we decided to con-
sider only the diffusion of the positive charge state of the
hydrogen (the proton). We obtained a value of 0.18 eV
for the proton defect formation energy in a relaxed su-
percell (8 cells) calculated when the Fermi level is at the
valence band maximum. For BaZrO3 cubic perovskite,
this value has been calculated for both relaxed and un-
relaxed supercells as 0.05 eV (in a 2×2×2 supercell) and
0.21 eV (in a 3×3×3 supercell); the same energy becomes
0.95 eV (in a 2×2×2 supercell) and 1.35 eV (in a 2×2×2
supercell) in an unrelaxed cell.?
III. RESULTS
We obtained a value of 4.21 A˚ for the relaxed lattice
constant of the stoichiometric BaZrO3 bulk by cell opti-
mization at T = 0 K; this is consistent with other DFT
studies (4.20 A˚) and with the experimental value (4.19
A˚).16,17 After a proton is introduced into the bulk struc-
ture, in the three cases of tensile, relaxed and compressed
lattice, structural relaxation yields an O-H bond dis-
tance of 0.98 A˚, according to the geometry optimization.
The positive charge space region in the area surrounding
the proton produces a structural distortion compared to
3FIG. 2: (Color online) (a) Potential energy and constant
of motion (blue and green lines, respectively), and (b) Ionic
and wave-function kinetic energy (red and black lines, respec-
tively), calculated in a 40 atom supercell, with a choice of the
fictitious electron mass of 150 a.u. and of the time step dt =
3.87 fs. The temperature of the simulation was maintained at
1300 K by a Nose´-Hoover thermostat
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FIG. 3: (Color online) Lattice constant of a variable supercell
as a function of simulation time step calculated at 1300 K.
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FIG. 4: (Color online) Mean square displacement of the
proton during self-diffusion calculated in the fully relaxed
BaZrO3 bulk at 1300 K averaged over various numbers of
time steps.
the stoichiometric BaZrO3 bulk with a Zr-O-Zr angle of
162.55◦ (180.00◦ in the stoichiometric bulk).
We analyzed the effect of temperature on the lattice
parameter expansion by calculating the average change
in the cell parameter as a function of time at T = 1300 K,
as illustrated in Fig. 3. We simulated the BaZrO3 stoi-
chiometric bulk using a variable cell size, starting with a
thermally expanded lattice parameter as reported by ex-
perimental measurements, in order to estimate the effect
of the temperature on the lattice parameter and estimate
the relative expansion coefficient.18 The calculated aver-
age lattice constant in a variable cell simulation at T =
1300 K was 4.236 A˚, and the calculated expansion coeffi-
cient was Ec = 5.4× 10−6 K−1, whereas the experimental
data in the literature report a value of 7.8 × 10−6 K−1.18
To simulate an applied external strain (either tensile or
compressive), we also applied a further variation of 2%
(0.1 A˚) to the calculated and thermally expanded lattice
parameters. The simulations were run at a constant lat-
tice parameter for the relaxed bulk and the bulk under
compressive or tensile strain.
For each condition, we calculated the mean square dis-
placement (MSD) of the proton during a simulation of
46 ps. We considered the average value of the MSD of
the proton during self-diffusion over different durations,
as shown in Fig. 4 for the relaxed bulk. An average over
N = 11,000 time steps yielded a good approximation of
a linear relationship between the MSD and the time.
Next, we calculated the self-diffusion coefficient (D)
from the MSD using the Einstein relation:
6Dself = lim
t→∞
d
dt
〈
|ri(t)− ri(0)|
2
〉
, (1)
where r is the position of the proton at each time step
t. In the relaxed bulk, the calculated diffusion coefficient
was 2.3 × 10−5 cm2/s. This value is slightly overesti-
mated compared with other computational work in the
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FIG. 5: (Color online) Mean square displacement of proton
during diffusion calculated in the BaZrO3 bulk under fully
relaxed, isometric tensile strain, and compressive strain con-
ditions at 1300 K (black, red, and blue lines, respectively).
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FIG. 6: (Color online) Power spectrum of calculated proton
diffusion in the fully relaxed BaZrO3 bulk. Spectrum was
obtained by Fourier transform of velocity-velocity correlation
function. One peak might resemble that of the O-H bond in
water at around 3600 cm−1.
literature, which reported a calculated diffusion coeffi-
cient of about 1.5 × 10−5 cm2/s for the relaxed bulk at
1000 K.19 However, our value lies between the experi-
mental values reported in the same paper.
The D values calculated for the bulk under tensile and
compressive strain were 2.2 × 10−5 cm2/s and 3.5 ×
10−5 cm2/s, respectively. The proton diffusivity under
compressive strain is clearly enhanced compared with
the other two conditions. These results show that the
change in the lattice parameter under strain (in this case,
an equal change in length is made in the relaxed lattice
value) does not result in a linear variation of the pro-
ton diffusivity. By way of explanation, when a tensile
strain is applied to the relaxed bulk, D decreases very
slightly, whereas a compression of the same length clearly
increases D.
To understand the origin of this effect, we analyzed the
typical vibration frequencies of the proton, the typical
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FIG. 7: (Color online) Calculated pair correlation function
of oxygen-oxygen atoms in the BaZrO3 bulk under relaxed,
tensile strain, and compressive strain conditions (red, blue,
and black lines, respectively).
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FIG. 8: (Color online) Calculated pair correlation function
of proton-oxygen atom in the BaZrO3 bulk under relaxed,
tensile strain, and compressive strain conditions (red, blue,
and black lines, respectively).
O-H distances, and the electronic structure of the sys-
tem under different strain conditions. We analyzed the
typical vibration frequency of the proton by performing
a Fourier transform of the velocity-velocity correlation
function (Fig. 6). The typical frequencies have two main
peaks at 700-900 cm−1 and 3500-3700 cm−1. The former
may represent the frustrated reorientation of the O-H
axis, and the latter may represent the O-H stretching vi-
bration. Both peaks are in good agreement with infrared
spectroscopy analysis; however, no substantial difference
was observed under the considered strain conditions.20
We calculated the radial distribution function (g(r)) in
order to evaluate how the probability of finding an oxy-
gen atom changes with the distance from the proton and
with the distance from another oxygen atom. The three
cases show a negligible difference in the oxygen-oxygen
radial distribution, with a clear peak at 1.6 A˚ and a sec-
ond peak around 2.2-2.3 A˚ (Fig. 7). On the other hand,
in the proton-oxygen distribution, a clear peak appears
5at around 1 A˚, indicating oxygen binding; a second peak
appears at different locations in the three cases. When
the bulk is fully relaxed, the pair correlation function
shows a broad peak around 3.12-3.16 A˚, although this
peak is less evident in the bulk under tensile strain. In
the bulk under compressive strain, a pronounced peak
appears around 3.12-3.16 A˚, with a third peak appear-
ing around 2.4 A˚ (Fig. 8). Since the second-third peak
is broad and shows a very high intensity, it indicates a
higher probability of finding a second oxygen atom close
to the proton, suggesting the origin of a further O-H in-
teraction with a second O (OB in Fig. 1) in addition to
the structural O-H bond (OA in Fig. 1).
We found a substantial difference in the electronic
structures of the relaxed, compressed, and strained bulk.
The introduction of the proton breaks the symmetry of
the oxygen atoms Kohn-Sham states, and the projected
density of states (PDOS) shows a strong OA-H bond
(Fig. 9b) formed by hybridization of the H1s and O2p
states and peaking around 3.5 eV. In addition, a second
peak representing the oxygen 2p state appears around
5.5 eV. When the bulk is under compressive strain, the
PDOS shows further hybridization of the H1s with a sec-
ond (next-nearest OB in Fig. 9c) oxygen atom around
4-4.5 eV, suggesting the origin of a new, less pronounced
orbital hybridization with another oxygen atom. In the
bulk under tensile strain, this type of hybridization did
not appear (Fig. 9d). This suggest the formation, in
compressed conditions, of a hydrogenic bond not present
in the original structures that may facilitate proton mi-
gration by providing a path for proton diffusion.
The formation a hydrogenic bond is also suggested by
the OB-H distances for the next-nearest oxygen atom OB
in the three structures. By using plane DFT calcula-
tions, we optimized the three structures and found an
OB-H distance of 2.13 A˚ in the fully relaxed bulk and
in the bulk under tensile strain. Thus, the geometry of
the structure under tensile strain is qualitatively similar
to that of the relaxed bulk. This distance became 1.63
A˚ in the compressed bulk, which is comparable to the
hydrogenic O-H bond distance in liquid water.
Finally, we analyzed the charge redistribution after
protonation of the bulk structures. We calculated the
charge redistribution by taking the difference between
the charge distributions of the stoichiometric and pro-
tonated bulk. In the compressed bulk, we found a
quasi-symmetric charge distribution around the proton
in the direction of two neighboring oxygens, suggesting
the presence of a second (weaker) O-H bond, in addition
to the structural O-H bond (Figs. 11b and 11d). This
symmetry did not appear in the other structure (Figs.
11a and 11c) and might indicate the formation of a nat-
ural pathway in the compressed structure that facilitates
proton diffusion (schematically represented in Fig.10).
FIG. 9: Projected density of states (PDOS) of BaZrO3 (a)
under relaxed stoichiometric conditions, (b) after introduction
of a proton under relaxed conditions, and after introduction
of a proton under (c) compressive and (d) tensile strain.
IV. CONCLUSION
We investigated proton diffusion in the BaZrO3 cu-
bic perovskite bulk crystal. We analyzed proton diffu-
sion under fully relaxed conditions as well as under ten-
sile and compressive strain, and the MSD indicates that
the strain has a non-linear effect on the proton diffusion
constant. There is an evident enhancement under com-
pressive strain, whereas there is no sensible difference
between the relaxed bulk crystal and that under ten-
sile strain. The power spectrum obtained by a Fourier
6FIG. 10: (Color online) Schematic representation of proton
diffusion. The H atom bonded to the OA atom migrates to
the next oxygen atom, breaking the OA-H bond and forming
a new OB-H bond
FIG. 11: (Color online) Induced charge density due to intro-
duction of a proton in the compressed (b and d) and relaxed
(a and c) BaZrO3 bulk. Red areas indicate charge accumula-
tion; blue areas indicate charge depletion.
transform of the velocity-velocity autocorrelation func-
tion showed two main peaks, one of which (3600 cm−1) is
likely to indicate the O-H stretching mode. However, no
obvious differences appeared under either tensile or com-
pressive strain. We also calculated the pair correlation
functions of O-O and O-H in the bulk and found a signifi-
cant change in the latter under compression compared to
the other two conditions, suggesting the origin of a fur-
ther O-H interaction, with a second O in addition to the
structural O-H bond. The PDOS indicates a clear change
in the electronic structure of the compressed protonated
bulk compared to the stoichiometric bulk, the protonated
relaxed bulk, and the bulk under tensile strain, confirm-
ing the formation of a second O-H bond. An analysis
of the charge redistribution after the introduction of a
proton into the structures also indicates the presence of
a second, weak O-H bond in addition to the structural
O-H bond, but only in the compressed structure. This
indicate the formation of a natural pathway in the com-
pressed structure that facilitates proton diffusion.
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